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Table 1: Chemical composition of SUS 304 stainless steel tested in this study (mass%). 
Material C  Si  Mn  P  S  Ni  Cr 
SUS  304  0.06 0.50 0.87  0.037  0.01  8.1 18.21 
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Abstract  
The present study proposes a new non-destructive method not only for estimating length of fatigue cracks 
but for quantitatively evaluating maximum values of stress intensity factor applied to plate specimens of an 
austenitic stainless steel SUS304 (equivalent of AISI304) fatigued at room temperature. The method makes 
use of plasticity-induced martensitic phase transformation that takes place in the plasticity wake regions 
around growing fatigue cracks. Distributions of the volume fraction of α’ martensitic phase around fatigue 
cracks were measured with ferrite scope. The results were compared with the distributions of strain measured 
by the digital image correlation method and with those of vertical magnetic flux density Bz above the fatigue 
cracks in plate specimens magnetized by a strong elctromagnet of 0.5 T. It was revealed that the distance be-
tween the points where Bz reached the maximum and minimum values Bzmax and Bzmin had good linear corre-
lations with crack length 2a irrespective of the stress ratio R. The Bzmax and Bzmin values also showed good 
linear relations with the maximum values of the stress intensity factor Kmax applied. The relations are also 
independent of the R ratio. These results imply that not only crack length but also maximum values of the 
applied stress intensity factor can be quantitatively evaluated in an electromagnetic non-destructive way. 
 
1.  Introduction 
SUS 304 stainless steel (equivalent of AISI 304 
stainless steel) is known as an austenitic stainless 
steel that has unstable γ austenitic phase around 
and below room temperature (RT). The stainless 
steel usually shows ductile and paramagnetic, or 
non-magnetic nature, whereas it becomes brittle 
and ferromagnetic even at RT under high stress or 
strain since the transformation of γ austenitic phase 
into α' martensitic phase can be enhanced in the 
steel by the application of stress or strain. The 
higher the stress or the strain becomes, the more 
the α' phase is induced by plasticity-induced trans-
formation [1-4].  
In past studies [5-7], the present authors measured 
the volume fraction Vα' of α' martensitic phase 
transformed in SUS 304 plate specimens subjected 
to uniform tensile stress at RT and at liquid nitro-
gen temperature with three types of equipments; 
i.e., vibrating sample magnetometer (VSM), X-ray 
diffractometer and ferrite scope in order to obtain 
the applied strain level dependence of Vα'. The pre-
sent study has attempted to establish the quantita-
tive non-destructive inspection method for material 
degradation by using martensitic transformation. 
2.  Martensitic transformation at RT 
In our past studies [5], tensile tests were made at 
RT in air to obtain relations between volume frac-
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Figure 1:  Geometry of tensile specimens (unit: mm). 
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th Nov 2006, Auckland, New Zealand tion Vα’ of α’ martensite transformed and the mag-
nitude of strain applied. Figure 1 shows the geome-
try the tensile specimens used.  
 
The chemical composition of SUS 304 steel used is 
shown in Table 1. In this study, three different 
types of measuring  equipment, i.e., VSM, X-ray 
diffractometer and ferrite scope were used in ob-
taining the calibration diagrams for the measure-
ment of the spatial distributions of Vα’ around fa-
tigue cracks with ferrite scope for the purpose of 
in-service inspection. 
2.1.  Methods of measuring α’ volume fraction 
In order to obtain martensitic volume fraction Vα’ 
by VSM, the values of V α’ is determined via the 
ratios of the values of the saturation magnetization 
of deformed specimens to those of the fully trans-
formed specimen of the present SUS304 steel. The 
Vα’ value of the fully transformed SUS304 speci-
men can be calculated by the Slater-Pauling dia-
gram (see [4], for example). The X-ray diffraction 
method was used for the quantitative analysis of γ 
austenitic and α’ martensitic phases which have 
face-centered cubic (fcc) and body-centered tetrag-
onal (bct) structures, respectively. In general X-ray 
quantitative analysis, the volume fraction of α’ 
martensitic phase can be calculated from the ratio 
of integrated diffraction-intensity peaks for α’ 
martensitic and γ austenitic phases. In the present 
study, however, since integrated intensities are af-
fected by the preferred orientation due to severe 
deformation of specimens, Arnell’s method was 
employed to avoid the effect of preferred orienta-
tion [8]. 
 
Ferrite scope (FS), a product of Fischer Co. Ltd., 
was also used for measuring volume fraction of α’ 
phase transformed in deformed specimens. The 
values of Vα’ were obtained from the arithmetic 
mean of five FS readings at each lattice point of 
measurements set in the parallel portion of tensile 
specimens via the calibration curve depicted in Fig. 
2. Figure 2 shows the relationship between α’ vol-
ume fraction Vα’ measured by VSM and FS reading, 
revealing that good linear correlation can be ob-
tained between the two kinds of measured values 
for a wide range of volume fraction at two levels of 
temperature, i.e., RT and 77 K. 
 
Figure 3 shows the evolution of volume fraction of 
α’ phase transformed during a tensile test of SUS 
304 at RT in air. The value of Vα’ is increased ex-
ponentially with the applied strain level ε in the 
plastic deformation region as shown by the solid 
line in Fig. 3. The solid line can be expressed by 
the following equation: 
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The value of Vα’ remains small at strain levels 
lower than 20%, but it reaches as high as 15.5% or 
higher for ε=43.2 % at RT.  
3.  Experiments and results 
3.1. Fatigue crack propagation tests 
Figure 4 shows the geometry of a through-
thickness cracked specimen used in the present 
fatigue crack propagation tests. A crack starter 
notch was made at the center of each specimen by 
the electric discharge machining method. The 
chemical composition of SUS 304 stainless steel is 
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Figure 2:  Calibration curve for for determining val-
ues of α’ volume fraction Vα’ by ferrite scope. 
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Figure 3: Plots of α’ volume fraction Vα’ vs. applied 
nominal tensile strain ε in SUS 304 stainless steel 
at RT obtained by different measurement methods.the same as listed in Table 1. Fatigue crack propa-
gation tests were made at maximum stress levels of 
σmax=202-286 MPa for four levels of stress ratio, 
i.e.,  R=σmin/σmax =0.1-0.4 at RT in air. The tests 
were intermitted at every crack half length incre-
ment of Δa=0.5-1 mm. 
 
Figure 5 shows the R-dependence of fatigue crack 
growth behavior in the present SUS 304 steel. The 
higher the R ratio becomes, the higher the crack 
growth rate becomes. Although the data points 
fluctuate around the straight lines especially for 
R=0.1 and 0.2, the crack growth rate da/dN can be 
related to the stress intensity factor range ΔK=(1-
R)Kmax by the following well-known Paris law for  
all the R-ratio values tested: 
da/dN=C(ΔK)
m      (2) 
where C and m are empirical constants. The value 
of m is obtained as about 4.1 irrespective of the R 
value in the present experiments as shown in Fig. 5. 
The figure implies that cracks had grown under the 
stable crack growth condition throughout fatigue 
crack growth experiments in all the cases investi-
gated in this study. 
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Figure 4: Geometry of through-thickness cracked specimen (Unit: mm). 
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Figure 5: Comparison of fatigue crack growth be-
havior in SUS304 steel obtained for different val-
ues of the R ratio. 
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Figure 6:  Evolution of the spatial distribution  of α’  volume fraction  around a through-thickness fatigue 
crack in SUS 304 steel measured by ferrite scope where 2a is fatigue crack length, Kmax the applied maxi-
mum stress intensity factor and R the stress ratio. 3.2. Spatial distributions of α’ martensitic phase 
Ferrite scope was used to obtain spatial distribu-
tions of α’ volume fraction Vα’ around fatigue 
cracks in the present center-cracked specimens. 
Measurements were made at lattice points having a 
regular interval of about 1 mm around fatigue 
cracks and calibrated by the curve shown in Fig. 2. 
Figures 6(a) trough (d) depict the evolution of the 
spatial distribution of Vα’ around a growing fatigue 
crack in SUS 304 at R=0.4. Austenitic γ phase was 
transformed into α’ phase in the plastic wakes 
around the tips of the fatigue crack where stress 
was so high that severe deformation took place. 
The value of Vα’ at the crack tip increases as crack 
length 2a becomes longer and it decreases as the 
distance from the crack tip becomes longer. 
3.3. Strain distributions around fatigue cracks 
The digital image correlation (DIC) method was 
adopted in order to determine strain distributions 
around fatigue cracks. The DIC method is usually 
used to measure displacements in deformed speci-
mens by tracking speckle patterns printed on de-
forming specimens. The method can identify each 
of the moving points in the speckle patterns by 
finding similarity of a pattern surrounding it [9].  
 
Figures 7(a) and (b) show CCD camera images of a 
random speckle pattern sprayed on the surface of a 
specimen before and after deformation, respec-
tively. An arbitrary point A, the center of a small 
rectangular area S called a subset in Fig. 7(a), 
moved to a point A’, the center of a subset S’ in 
Fig. 7(b), after deformation. The subsets consist of 
many pixels having 256 levels of density. If these 
subsets strongly resemble each other, it is quite 
possible that the points A and A’ in the subsets 
were the same point and thus the displacement can 
be obtained as the difference between the points A 
and A’. 
 
The x- and y-components of displacement ui
1 and 
ui
2 at an arbitrary point (xi, yi) on a specimen sur-
face can be obtained by the moving least-square 
method from respective displacement components 
at the neighboring points (i=1, 2, … n). The inter-
polation function used in the present least squares 
method is expressed by the following equation (3): 
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where I=1 and 2 indicate x- and y-components, re-
spectively, and aJ
I (J=1, 2, …, 6) are unknown co-
efficients to determine. These coefficients can be 
determined by minimizing the sum of square errors 
of interpolated and measured displacements. The 
values of strains at the point (xi, yi) can be obtained 
by the derivatives of Eq. (3). 
 
Figures 8 (a) and (b) compare distributions of Vα’ 
and strain around a fatigue crack having a surface 
length of 2a=12.3 mm at Kmax= 42.8 MPa m  for 
R=0.3. Although there exists a blank space along 
the periphery of a crack in the strain distribution as 
shown in Fig. 8(a) due to the subset in the DIC cal-
culation, the Vα’ distribution resembles the strain 
distribution. The highest values of Vα’ and strain 
were always observed near crack tips and found to 
be correlated well with each other.  
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Figure 7: Random speckle pattern on the surface of 
a specimen. 
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Figure 8: Comparison of strain distribution with 
Vα’ distribution around fatigue crack. 3.4. Magnetic flux density distributions around 
fatigue cracks 
Fatigued specimens were at first demagnetized by a 
demagnetizer that applies AC magnetic field to 
specimens by gradually reducing the amplitude of 
the magnetic field to zero. The demagnetized 
specimens were then magnetized by a high-field 
DC electromagnet of 0.5 T or higher in the direc-
tion of the x-axis, i.e., in the direction parallel to 
fatigue cracks. A magnetic field of 0.4 T induced 
by electro-magnet is considered sufficient to put 
fatigued specimens in saturation magnetization 
states. After the magnetization, the magnetic flux 
leakage was measured by scanning a flux gate sen-
sor above fatigue cracks with a lift-off of 3 mm. 
The measurements were automatically made on the 
front and back surface sides of the specimens by 
the use of a computer-controlled x-y table at grid 
points of 1 mm by 1mm in rectangular regions of 
23 mm in the longitudinal direction by 37 mm in 
the width direction of the specimens with cracks 
placed at the center of the measurement regions. 
 
Figure 9 shows a 3-D distribution of vertical mag-
netic flux density Bz above a fatigue crack having a 
surface length of 2a=14.4 mm at Kmax= 36.7 
MPa m  for R=0.4. The vertical magnetic flux den-
sity Bz here means the component of leakage mag-
netic flux B normal to specimen surface. The 
minimum negative peak was observed above the 
left crack tip near the north pole of the electromag-
net, whereas the maximum positive one above the 
right crack tip near the south pole of the magnet. 
As indicated in Fig. 9, leakage magnetic flux den-
sity reflects the distribution of the volume fraction 
of α’ martensite transformed in the wakes around 
the two fatigue crack tips so that the distance 2l 
between the outermost minimum and maximum 
peaks for the x-direction magnetization can be 
correlated with real crack length 2a. Figure 10 
shows the relations between real crack length 2a 
and the distance 2l for different R values tested. All 
the data points in Fig. 10 can be expressed well by 
a single straight line irrespective of the R value, 
implying that the measurement of 2l can estimate 
real crack length 2a in a fatigued specimen. The 
inclination of the line in Fig. 10 is 0.84, i.e., 
smaller than unity, indicating that estimated crack 
length is always larger than real one for the x-
direction magnetization. A diagram like Fig. 10 
can make a conservative estimation of real crack 
length in, say, in-service inspection of a cracked 
component of a structure. 
 
The magnitude of the peaks changes according to 
 
Figure 10: Real crack length 2a as a function of the 
distance 2l between the maximum and minimum peaks 
of the vertical leakage magnetic flux density distribu-
tion Bz above fatigue cracks in SUS304 plates. 
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Figure 11: Maximum peak value Bzmax and minimum 
peak value Bzmin of vertical leakage magnetic flux 
density Bz vs. applied maximum stress intensity fac-
tor Kmax relations. 
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Figure 9: 3-D distribution of the vertical 
magnetic flux density Bz above a fatigue crack 
of 2a=14.4 mm at Kmax= 36.7 MPa m for 
R=0.4 in a SUS 304 steel plate specimen 
magnetized in the x-axis direction. 
2l 
2a the fatigue damage specimens have suffered, or the 
volume of plasticity-induced martensitic phase 
transformed in plastic wake regions around fatigue 
cracks. Figure 11 shows the Bzmax vs. Kmax and the 
Bzmin  vs.  Kmax relations obtained by experiments. 
Each relation can be represented by one single 
straight line irrespective of R-ratio. This result im-
plies that the damage introduced in the plastic 
wake regions around a fatigue crack is controlled 
by the value of the applied maximum stress inten-
sity factor Kmax. The solid lines in Fig. 11 indicate 
that the measurement of the maximum and/or 
minimum leakage magnetic flux density can esti-
mate the value of the applied Kmax or that of the 
applied maximum stress level σmax a structural 
component of SUS 304 may have been subjected to 
in service. 
4.  Conclusions 
In this study, we have attempted to establish a new 
non-destructive method not only for estimating 
crack length but for quantitatively evaluating the 
maximum value of stress intensity factor applied in 
an austenitic stainless steel SUS304 (equivalent of 
AISI304) fatigued at RT in air. 
 
The method makes use of plasticity-induced mart-
ensitic phase transformation that takes place in the 
plasticity wake regions around growing fatigue 
cracks. Distributions of the volume fraction of α’ 
martensitic phase Vα’ around fatigue cracks were 
measured with ferrite scope. The results were com-
pared with the distributions of strain measured by 
the digital image correlation (DIC) method and 
with those of vertical magnetic flux density Bz 
above the fatigue cracks in plate specimens mag-
netized by a strong electromagnet. The maximum 
values of Vα’ and the peak values of Bz (Bzmax and 
Bzmin) were observed at the vicinity of the crack tip 
where the maximum values of strain were meas-
ured by the DIC method. The maximum values of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Vα’ and the peak values of Bz around fatigue cracks 
were increased with an increase of the maximum 
value of strain measured. It was also revealed that 
the Bz distributions above the cracks reflected the 
α’ phase distributions in the plastic wake regions 
produced around the cracks; i.e., the distance be-
tween the points where Bz reached the maximum 
and the minimum values Bzmax and Bzmin had linear 
correlations with crack length 2a. The Bzmax and the 
Bzmin values also showed good linear relations with 
maximum stress intensity factors Kmax. These re-
sults imply that not only crack length but also 
maximum values of the applied stress intensity fac-
tor can be quantitatively evaluated in an electro-
magnetic non-destructive way. 
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